In this paper, the analysis and design of a compact Multiple Split Ring Resonator (MSRR) inspired microstrip rectangular patch antenna is presented. The MSRR is used with four rings. The size of the antenna is 25 × 31 × 1.6 mm 3 realized on a low cost FR4 substrate. The proposed rectangular microstrip patch antenna operates at the resonant frequency of 5.88 GHz prior to MSRR inclusion. The antenna characteristics are studied before and after inclusion of metamaterial. After including MSRRs at appropriate places, the proposed MSRR antenna induces a new resonant frequency of 2.78 GHz. In addition to rectangular patch's fundamental resonance, the additional resonance is obtained at 2.78 GHz, thus, exhibits dual bands. Hence, MSRR loading antenna attains a bandwidth of 197 MHz at 2.78 GHz and 703 MHz at 5.88 GHz. The prototype of the proposed antenna is fabricated and measured. Simulated results are verified with the measured ones. This proposed antenna can be effectively utilized for WLAN and RF-ID applications. Parametric studies are illustrated to yield the desired frequency bands. Equivalent circuit model analysis of the MSRR loading is determined. Band characteristics of split ring structure are used to determine the negative permeability characteristics.
INTRODUCTION
Dual-band antennas have attracted much research attention in the field of wireless communication, radio frequency identifications, and microwave energy harvesting since they reduce the number of antennas and space usage [1] . Metamaterials have drawn a lot of attention among antenna designers due to their extraordinary features. Visionary speculation by Vesalago on the possible existence of substance with simultaneous negative values of ε and μ opened the way for new innovations in microwave antennas and components [2] [3] [4] . Metamaterials are artificially engineered structures which exhibit both negative ε and μ. The SRR structure is used to provide negative permeability [5] , and the thin wire structure is used to provide negative permittivity [6] . The composite double negative medium is designed to provide simultaneous negative values of ε and μ [7] . Numerous metamaterial structures are dealt with in the literature such as square, spiral, and Laybrinth resonators [8] . Metamaterial based antenna uses array of metamaterials for performance enhancement which was discussed by Dong and Itoh [9] . Metamaterial inspired antenna consists of a unit cell or a few metamaterial unit cells for performance enhancement of antenna was studied by Si et al. [10] . Metamaterial inspired antennas have been investigated for antenna performance enhancement such as impedance matching [11] , bandwidth enhancement [12] , gain improvement [13] , compactness [14] and multiband antenna design [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
In this paper, μ-negative (MNG) metamaterial MSRR with four rings loaded with an insetrectangular microstrip patch is used to obtain dual bands. Here, each MSRR comprises four rings. Two MSRRs are kept aside inset-fed and two along the sides of the patch. Compact size is obtained with the loading of MSRR structures at appropriate places. The μ-negative characteristic of MSRR structure is studied for the new resonant frequency of operation. Simulation tool Ansoft HFSS based on Finite Element Method is used.
ANTENNA DESIGN AND PARAMETRIC ANALYSIS
The design evolution starts with a rectangular microstrip patch antenna as radiating element as shown in Figure 1 (a). The patch dimensions for frequency of 6.5 GHz, length L = 10 mm and width W = 12 mm are determined [26, 27] . The patch antenna is fed by a 50 Ω, inset-fed microstrip line, which offers a resonance of high frequency about 6 GHz as illustrated in Figure 1 The Table 1 depicts the various dimensions of the proposed inset fed MSRR loaded microstrip patch antenna. The dimension of the patch is 10 × 12 mm 2 . Inset-feed is used to excite the patch antenna. Inset cuts are made in the patch to match the antenna resistance to the feed resistance. The inset gap is W f /10 whereas the depth is 4.4 mm where W f -Width of feed line can be seen in Figure 4 . The antenna radiates at the fundamental frequency of 6.5 GHz without loading, and the return loss is around −13.57 dB. The bandwidth is found around 260 MHz. The inset width is varied as W f /10, W f /20, W f /30, and W f /40 to yield optimized return loss on fundamental frequency as shown in Figure 4 The design starts with conventional patch antenna and results in a fundamental resonance frequency of 6.21 GHz with a return loss of −3.64 dB. The addition of inset fed to the conventional patch antenna results in a frequency swing from 6.21 GHz to 6.5 GHz with a return loss of −13.57 dB. The MSRR structure is placed in adjacent to the rectangular patch where the surface current distribution is more yields another frequency of 2.51 GHz. The fabricated inset fed microstrip patch antenna with MSRR loading is shown in Figure 3 . Finally, the MSRR loading not only enhances the basic resonance frequency 6.39 GHZ with a return loss of −18.77 dB but also adds another resonance frequency at 2.51 GHz with a return loss of −16.63 dB as shown in Figure 5 .
Due to electromagnetic inductive coupling, EMF is induced in the rings which results in current flow around the MSRR rings. This produces an additional resonance due to the inclusion of MSRR which is At 2.52 GHz, the surface current distribution is good in microstrip feed line and MSRR as shown in Figure 7 (a) while at 6.39 GHz the maximum surface current distribution is observed in microstrip patch and feed line shown in Figure 7 (b), respectively.
Quasi Static Analysis
The split gap is one of the vital parameters of the SRR. If the split is removed, the MSRR will not produce any resonance frequency. Inductance of MSRR is due to the metallic strip, and the capacitance is due to the split and gap between the metallic strips. Analytical quasi circuit model is shown in Figure 8 . The steps to find the resonant frequency of the MSRR is as follows [8] .
The MSRR is placed near the patch antenna. The MSRR shows negative permeability characteristics in the microwave frequency range of interest. The length of the external ring (L s ) is 5 mm; width of the split ring (W ) is 0.3 mm; dielectric distance (S) among the rings is 0.2 mm, which is placed over FR4 substrate. Inset feed is used to excite the MSRR loading. The split ring equivalent circuit consists of inductance L MSRR and capacitance C MSRR , given by,
in which N R is the number of rings, and
where K 1 is the elliptic integral of the first kind and k 1 = S/(S + 2W ). The above equations are manipulated in MATLAB to approximate the inductance L MSRR and capacitance C MSRR values of the proposed MSRR loaded antenna. It is appropriate for number of rings in the MSRR greater than one (N R > 1). For N R = 4, L 1 = (L s + W s )/2 = 5 mm. The computed L MSRR = 1.72e − 08 H and C MSRR = 1.6019e − 13 F. Hence, the resonance frequency of MSRR is f MSRR = 3.0261e + 09. The theoretical calculated resonance for the proposed MSRR loading antenna is around 3 GHz. The simulated resonant frequency is 2.51 GHz. Hence, there is a small deviation between theoretical resonance frequency and simulated one. Consequently, this resonance frequency is due to the MSRR loading. 
Extraction of Negative Permeability
The proposed MSRR loading antenna is evaluated by the reflection coefficient (S 11 ) and transmission coefficient (S 21 ) to obtain the negative permeability characteristics [28] [29] [30] . The negative permeability characteristics of the proposed MSRR loading antenna is retrieved using Nicholson-Ross-Weir (NRW) method, shown in Figure 9 . The proposed MSRR loading antenna is exerted by the waveguide setup to determine the reflection coefficient S 11 and transmission coefficient S 21 . MATLAB code is written for Equation (1) . Therefore, the negative permeability is calculated as, where n = 1 kd
The S 11 and S 21 parameters are graphically illustrated in Figure 10 . The transmission coefficient (S 21 ) determines the resonance frequency of the MSRR. From S 21 results, it is understood that the resonance frequency of MSRR is 1.9 GHz. The transmission coefficient (S 21 ) < −10 dB frequency range represents the stopband characteristics. The stopband (S 21 ) response of the MSRR is around 1.9 GHz, where the reflection coefficient (S 11 ) is almost 0 dB, and the transmission coefficient (S 21 ) is −42 dB. Similarly, the passband (S 11 ) is inferred at 2.52 GHz. Thus, it is accountable for achieving a new resonance frequency around 2.52 GHz with the return loss of −27.42 dB. The negative permeability (μ) of MSRR is obtained at 1.9 GHz due to stopband characteristics, as depicted in Figure 11 . 
RESULTS AND DISCUSSION
The final design is fabricated as shown in Figure 3 . The return loss characteristics are measured using the ENA series E5071C Vector Network Analyzer (VNA). Figure 12 illustrates the simulated and measured return loss characteristics of the proposed inset fed rectangular microstrip patch antenna with MSRR loading. From Table 2 , it is understood that the simulated results have a good agreement with measured values. The measured data exhibit dual bands with resonance at 2.78 GHz and 5.88 GHz with −10 dB impedance bandwidths of 197 MHz (2.699-2.896 GHz) and 703 MHz (5.590-6.293 GHz), respectively, which is quite obviously useful for WLAN and RF-ID applications. The 5.88 GHz resonant frequency is due to the rectangular inset fed microstrip antenna, and the 2.78 GHz resonant frequency is due to the coupling between the rectangular microstrip patch antenna and metamaterial, i.e., (MSRR).
The radiation pattern of the antenna is determined by taking the antenna measurement in an anechoic chamber. The normalized simulated and measured radiation patterns of the elevation plane and azimuthal plane at 2.78 GHz, and 5.88 GHz are illustrated in Figure 13 
CONCLUSION
A novel inset-fed microstrip rectangular patch antenna with MSRR loading dual-band antenna with compact dimensions of 25 × 31 × 1.6 mm 3 for WLAN and RF-ID applications is presented. The parameters of the inset-fed antenna with and without MSRR inclusion were used to obtain the optimum resonant frequencies. The loading of MSRR in different probabilities with a rectangular microstrip patch antenna is attributed to achieving a resonant frequency of 2.78 GHz. The metamaterial parameter (μ) is determined negative at 1.9 GHz using effective medium theory approach. This μ-negative metamaterial (MNG) is used to obtain compact antenna. An antenna radiating at 2.9 GHz would have a size considerably large compared to the proposed structure. Hence size reduction is achieved. The proposed antenna meets the dual band requirements of 2.78 GHz WLAN and 5.8 GHz RF-ID applications. This paper highlights the metamaterial property and quasi-static analysis to verify all operating bands. Hence, the inset-fed rectangular microstrip patch antenna with MSRR loading dual-band antenna is designed, simulated, fabricated, measured and validated with the experimental design.
